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High resolution measurements of the water velocity, bedforms and suspended sediment concentration
were made using an Acoustic Doppler Velocimeter, acoustic bedform scanners and an Acoustic Backscatter
System, under irregular free-surface waves. The waves were generated in a large scale ﬂume facility above a
number of bedform types. These data were analysed in (i) the frequency domain in order to examine the
frequency at which sediment suspensions occurred in the oscillatory bottom boundary layer and the free
stream; and (ii) the time domain in order to examine the instantaneous entrainment and vertical transport
of sediment at intra-wave, wave average and wave group time scales. During the course of the experiments
the signiﬁcant wave height was systematically incremented enabling the character of sediment suspen-
sions to be studied under a number of ﬂow and bedform regimes. Wave groups were identiﬁed as an
important control over sediment suspensions in both the wave boundary layer and free stream, with
ﬂuctuations in the suspended sediment concentration occurring at low, wave group, frequencies. However,
the initial entrainment process, within the wave boundary layer, occurred at intra-wave frequencies. In
contrast, in the free stream, sediment suspensions were dominated by the vertical transport of sediment at
wave group time scales. During wave groups the sediment suspension ﬁeld was characterised by the
upward transport of sediment due to the continual injection of turbulence under a series of waves which
generated a wave pumping effect. The character of a wave group is considered to be an important control
over sediment suspensions in the free stream. Four distinct types of wave group were identiﬁed and the
instantaneous sediment suspension ﬁeld below each type examined. Such comparisons were possible using
the high resolution Acoustic Backscatter System which enabled both intra-wave and wave group processes
to be resolved up to 0.8 m above the bed.
& 2012 Elsevier Ltd. All rights reserved.67
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791. Introduction
Under irregular waves, the suspended sediment concentration
(SSC) changes over a range of time scales (Hanes, 1991; Osborne and
Greenwood, 1993; Hay and Bowen, 1994b; Williams et al., 2002).
These ﬂuctuations occur at high, intra-wave, frequencies associated
with individual waves (Osborne and Vincent, 1996; Villard and
Osborne, 2002; O’Hara Murray et al., 2011) and also at low, infra-
gravity, frequencies (Hanes, 1991; Osborne and Greenwood, 1993)
associated with wave groups (Clarke et al., 1982; Larsen, 1982;
Vincent et al., 1982, 1991; Shi and Larsen, 1984; Hay and Bowen,
1994a). The suspension of sediment is strongly dependent on the
hydrodynamics and the type of bedforms present (Vincent et al.,81
83
85
87
ll rights reserved.
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ine Laboratory, P.O. Box 101,
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rch (2012), doi:10.1016/j.cs1991; Ribberink and Al-Salem, 1994; Vincent et al., 1999;
Grasmeijer and Kleinhans, 2004). Above steep-sided two-dimen-
sional ripples, ﬂow separation can occur during each wave half-
cycle, forming a sediment-laden vortex, which at ﬂow reversal is
ejected out of the wave boundary layer (WBL) and into the free
stream (Nakato et al., 1977; Hansen et al., 1994; Sleath and
Wallbridge, 2002). In these conditions, the intra-wave suspension
of sediment is a convective entrainment process occurring twice in a
wave cycle (Davies and Thorne, 2005; Van der Werf et al., 2007;
Thorne et al., 2009). When the bed is plane the entrainment of
sediment occurs when the peaks in the bed shear stress generate
turbulence, which occurs just ahead of peak free stream velocity
(Davies and Thorne, 2008), and is a diffusive process. These intra-
wave entrainment processes are strongly dependent on the proper-
ties of each incident wave—its height, period and asymmetry.
During the passage of a group of waves, however, the SSC also
depends on the properties of antecedent waves. For example, at a
given height above the bed the SSC is often higher under waves later
in a group than under similar waves early in a wave group (Hanes,
1991; Villard et al., 2000; Vincent and Hanes, 2002). This can be due89
groups and sediment resuspension processes over evolving
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sediment is entrained to increasingly higher elevations before it can
settle. The continual injection of turbulence under consecutive
waves in a wave group leads to more sediment being supported,
and to the vertical advection of turbulence during the passage of a
wave group (Osborne and Greenwood, 1993). A consequence of the
wave pumping process is a time lag between the initial entrainment
of sediment at the bed and higher than average concentrations at
high elevations in the free stream (Vincent and Hanes, 2002).
This work uses high frequency acoustic technology to examine
time series of SSC up to 0.8 m above a number of different bedform
types that developed in a large scale wave ﬂume as the signiﬁcant
wave height was systematically incremented. In addition to the SSC,
the water velocities and the bedform dimensions and geometries
were measured using acoustics. Over a variety of bedforms, the
ﬂuctuations in SSC within the WBL are considered to be associated
with intra-wave entrainment processes, while in the free stream the
SSC variation is deemed to be a function of the wave group and is
dependent on antecedent waves. This is because the vertical extent
to which the intra-wave processes dominate is often limited by the
ripple height (Van Rijn, 1993; Van der Werf et al., 2006; Thorne
et al., 2009), whereas the process of wave pumping can entrain
sediment high into the free stream. This work aims to examine the
temporal differences between sediment resuspension in the WBL
and free stream under wave groups. Wave groups are characteristic
of irregular free surface waves typical of ﬁeld conditions. The
importance of considering wave groups when trying to understand
sediment entrainment and transport processes is highlighted, and
raises the question of how important the character of the wave
group is, such as the number of waves and distribution of wave
heights in a group. Finally, a number of future research avenues and
experimental reﬁnements are suggested.99
101
103
105
107
1092. Experiments, instrumentation and data analysis
The Deltaﬂume of Deltares Delft Hydraulics, the Netherlands, is a
large scale ﬂume (240m long, 5 m wide and 7m deep) that enables
sediment transport processes to be monitored at ﬁeld scale. Irregular
waves with a JONSWAP spectrum (Carter, 1982) were generated for a
series of signiﬁcant wave heights during which the bed adopted a
number of different morphological forms. A series of experiments
was conducted over an upper-medium-grained sand bed in waterFig. 1. A schematic of the instruments deployed on a frame in the Deltaﬂume showing
(ARP), Sector Scanning Sonar (SSS), Acoustic Backscatter System (ABS) and pump samp
Please cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csdepths of approximately 4 m. The 11 experiments are here referred
to as M01–M11. Twelve samples of the bed sediments were taken
from a variety of locations on the bed and their volume size
distributions were determined using a Coulter Laser Granulometer.
The bed sediments were found to have a lognormal grain size
distribution with a median grain diameter, D50, of 375730 mm.
The bed was 0.7 m deep and was laid down in the centre of the ﬂume
in a 30m long region spanning the width of the ﬂume. Prior to the
25min measurement burst of each experiment, the irregular waves
were run for one hour to allow the bedforms to reach equilibrium
(Marsh et al., 1999) and for any air trapped in the bed sediments to
degas. Fig. 1 is a schematic of the instruments deployed on a frame
mid-way along the sandy bed and at one side of the Deltaﬂume. The
Nortek Vector Acoustic Doppler Velocimeter (ADV) measured the
water velocities at one point 0:5 m above the bed and recorded the
three components of ﬂow at 16 Hz. The cross-shore cross-sectional
and plan-form geometry of the bedforms were monitored by a
2.0 MHz Acoustic Ripple Proﬁler (ARP) and 1.2 MHz Sector Scanning
Sonar (SSS), respectively. Vertical proﬁles of the suspended sediment
concentration, at 4 Hz intra-wave time scales, were measured by an
Acoustic Backscatter System (ABS). The ABS comprised three trans-
ceivers operating at 1.0, 2.0 and 4.0 MHz, aligned along-shore and
perpendicular to the oscillatory ﬂow. Finally, pumped samples of the
suspended sediments (Bosman et al., 1987) were taken from up to
ﬁve heights above the bed during M03–M11. These samples were
analysed using laser granulometry to obtain grain size distributions
of the suspended sediment.
In the experimental study, measurements of the wave forcing,
bedforms and suspended sediment concentration were made. Wave
generated bedforms quickly emerged, and, as the signiﬁcant wave
height was incremented, exhibited a number of different plan-form
and cross-sectional conﬁgurations. Thus, measurements of the SSC
were made above an evolving sandy bed and the response of the SSC
during the passage of wave groups, and over different bedforms, was
examined.
2.1. Irregular wave forcing and wave groups
For each experiment, the ADV velocity components were
despiked using a Phase-Space Thresholding Method (Goring and
Nikora, 2002) and rotated to correct for any misalignment of the
instruments with the main ﬂow direction by calculating the
principle axis of variation (Emery and Thompson, 1997). During111
113
115
119
121
123
125
127
129
131
133the locations of the Acoustic Doppler Velocimeter (ADV), Acoustic Ripple Proﬁler
ling equipment.
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atically incremented, while the peak spectral wave period, Tp, was
kept constant at 6.1 s. Therefore, the surface wave steepness
increased with the signiﬁcant wave height. The signiﬁcant wave
height, Hs, was calculated for each experiment from the power
spectral density (PSD) of the horizontal cross-shore velocity
component from the ADV using (Wiberg and Sherwood, 2008)
Hs ¼ 4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXN
i
SiDf i
½2pf i coshðkizAÞ=sinhðkihÞ2
vuut , ð1Þ
where Si and ki are the power spectral density and wavenumber,
respectively, at the frequency fi, zA is the height of the ADV above
the bed, h is the mean water depth, Df i ¼ f iþ1f i and N is the
number of frequency intervals within the range 0:1r fr0:4 Hz.
This frequency interval was chosen in order to exclude high
frequency contributions due to turbulence, and low frequency
contributions associated with wave groups. In a similar manner,
the signiﬁcant orbital velocity, Us, was calculated using Wiberg
and Sherwood (2008)
Us ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
XN
i
SiDf i
vuut : ð2Þ
The Hs and Us results from the Deltaﬂume experiments are listed
in Table 1 along with the signiﬁcant orbital diameter given by
ds ¼UsTp=p, with Tp¼6.1 s, and the grain roughness Shields
parameter given by
y2:5 ¼
f 2:5U
2
s
2ðs1ÞgD50
: ð3Þ
In Eq. (3), s is the ratio of sediment density to water density
(s¼2.65 for the quartz sand used), g is the acceleration due to
gravity and f 2:5 is the grain roughness wave friction factor (skin
friction) based on the equivalent Nikuradse grain roughness,
2:5D50, calculated using the formula of Soulsby (1997).
Fig. 2(a) shows extracts of the horizontal cross-shore velocity
time series from the ADV for M03, M06 and M09 during which Hs
was 0.53, 1.05 and 1.63 m, respectively. The systematic increase in
velocity amplitudes with Hs is clearly observed in Fig. 2(a). One
feature in Fig. 2(a) is the presence of wave groups during each
experiment, with two or more wave cycles, typically 6–10, growing
then shrinking in velocity amplitude. Fig. 2(a) also shows that the
timing of the wave groups is consistent across the experiments. This
is because the JONSWAP algorithm used by the wave paddle differed
only by the signiﬁcant wave height for each experiment. Fig. 2(b)
shows the PSD of 25 min bursts of cross-shore velocity, from the
same experiments shown in Fig. 2(a). These spectra were obtained
by performing a Fast Fourier Transform on the velocity time series.
The efﬁciency of this transformation was increased by zero paddingTable 1
Experimental parameters and bedform conditions for the irregular wave Deltaﬂume ex
Exp. Hs (m) Us (m/s) ds (m) y2:5 ks (m)
M01 0.34 0.22 0.42 0.054 0.005
M02 0.43 0.28 0.54 0.079 0.016
M03 0.53 0.34 0.66 0.107 0.035
M04 0.64 0.40 0.78 0.138 0.042
M05 0.85 0.53 1.04 0.209 0.048
M06 1.05 0.66 1.28 0.285 0.055
M07 1.29 0.79 1.54 0.374 0.067
M08 1.50 0.92 1.80 0.470 0.081
M09 1.63 1.00 1.95 0.529 0.107
M10 1.70 1.03 1.99 0.548 0.096
M11 1.63 0.98 1.91 0.514 0.085
Please cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csthe velocity time series to a length equal to 215. A Hamming window
was applied over the length of the time series (Emery and Thompson,
1997) and band averaging was performed over 16 discrete frequency
samples, giving 32 degrees of freedom to each of the ﬁnal 1024
frequency bands of the single-sided spectra. The 99% conﬁdence
interval was calculated using the chi-square approach and is
indicated in the ﬁgure. The major peak between 0.1 and 0.4 Hz in
Fig. 2(b) corresponds to oscillations at the wave frequency and is
broad because the waves were irregular. The signiﬁcant wave heights
were calculated using only this part of the spectra. Above 0.4 Hz,
the spectra are dominated by turbulence. Below 0.1 Hz there are
three statistically signiﬁcant peaks in the spectra, considered to be
associated with the wave groups.
2.2. Bedforms
The ARP scanned a 4 m cross-shore transect of the bed appro-
ximately once in a minute at centimetre horizontal resolution and
sub-centimetre vertical resolution providing cross-sections of the
bed. Fig. 3(a) shows the ARP bedform cross-sections from the
Deltaﬂume experiments, during which Hs was increased. Each
result shows approximately 10 min worth of data out of the
25 min bursts. The associated SSS results were rectiﬁed from
polar to square grid coordinates (Bell and Williams, 2002) to give
55 m images of the bed, enabling the plan-form geometry of
the bedforms to be studied. Fig. 3(b)–(f) shows a selection of these
results depicting the different ripple plan-form conﬁgurations
that emerged as Hs was increased. The plan-form geometries of
the ripples during each experiment were classiﬁed using the
terminology of Pedocchi and Garcia (2009), who described ripples
as either two-dimensional (2D), quasi-two-dimensional (q-2D) or
three-dimensional (3D). These plan-form ripple geometries were
observed during the Deltaﬂume experiments and their occurrence
is indicated in Fig. 3(a). Whilst Hs ¼ 0:340:64 m (M01–M04) the
ripples were 2D. As Hs increased through 0.85 and 1.05 m (M05,
M06) the ripples became q-2D, and then 3D when Hs¼1.29 and
1.50 m (M07, M08). When Hs was further increased to 1.63–1.70 m
(M09–M11) the 3D ripples became much larger and resembled
lunate mega-ripples (Vincent and Osborne, 1993; Vincent et al.,
1999) or hummocks (Green and Black, 1999). The plan-form
geometry classiﬁcations for each experiment are listed in Table 1.
A turning point analysis was used to extract the nominal
dimensions of the ripples during each experiment from the ARP
cross-sections. A low pass Gaussian ﬁlter removed high frequency
spatial ﬂuctuations and a running average smoothed spikes due to
sediment resuspension under large waves. Ripple wavelengths
were taken as the horizontal distances between adjacent troughs
either side of a crest, ripple heights were taken as the mean
average crest to trough difference either side of the crests and the
ripple steepness were taken as the height-to-length ratios. The119
121
123
125
127
129
131
133
periments.
dw (m) l (m) Z (m) Z=l Plan-form bedform
geometry
0.029 0.227 0.004 0.017 2D
0.047 0.145 0.010 0.067 2D
0.067 0.211 0.024 0.105 2D
0.080 0.224 0.026 0.109 2D
0.102 0.289 0.029 0.099 q-2D
0.123 0.350 0.032 0.093 q-2D
0.149 0.536 0.045 0.086 3D
0.175 0.609 0.056 0.088 3D
0.199 0.747 0.074 0.107 Hummocks
0.197 0.975 0.084 0.076 Hummocks
0.186 0.960 0.070 0.075 Hummocks
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Fig. 2. Example results from the cross-shore velocity recorded by the ADV. (a) Time series extracts from three experiments (M03, M06, M09) where the signiﬁcant wave
height, Hs, was 0.53, 1.05 and 1.63 m. (b) The power spectral density, PSD, from the same three experiments as in (a) with the 99% conﬁdence interval shown and vertical
dashed lines showing the irregular wave frequency range, 0.1–0.4 Hz.
R.B. O’Hara Murray et al. / Continental Shelf Research ] (]]]]) ]]]–]]]4average ripple wavelengths, l, heights, Z, and steepness, Z=l, are
listed in Table 1 for each experiment.
2.3. Wave boundary layer
Estimates of the temporally averaged WBL thickness, dw,
during each rippled bed experiment were made using the deﬁni-
tion given by Davies and Villaret (1999) with the wave period
replaced by the peak spectral period, Tp
dw ¼ 5
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K0Tp
2p
r
: ð4Þ
In Eq. (4), 12K0 is the cycle-mean eddy viscosity estimated using
the formula of Nielsen (1992)
K0
2
¼ 0:00253Usks
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ds=2ks
q
ð5Þ
with the orbital velocity amplitude and orbital diameter replaced
by the signiﬁcant values, Us and ds, and where ks is the bedPlease cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csroughness given by Nielsen (1992)
ks ¼ 8Z Z=lþ170D50
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
y2:50:05
p
: ð6Þ
The estimated bed roughness and typical WBL thickness for
each rippled bed experiment are listed in Table 1. During the
experiments dw increased from 2:9 cm, when the wave forcing
was low, to 19:9 cm, at the maximum in the wave forcing.
These values of dw, based on Hs, are estimates of the temporally
averaged WBL thickness for each experiment. The instantaneous
thickness of the WBL were expected to ﬂuctuate at wave group
frequencies.
2.4. Suspended sediments
The ABS measured vertical proﬁles of backscatter amplitude at
a temporal resolution of 128 Hz. The variability in the backscatter
signal, due to the random phasing of the acoustic returns (Thorne
et al., 1993), was signiﬁcantly reduced by averaging over 32
independent measurements of the backscatter. This reduced thegroups and sediment resuspension processes over evolving
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Fig. 3. (a) Acoustic ripple proﬁler cross-sections and (b)–(f) sector scanning sonar plan-form images, depicting the response of the sandy bed to step changes in the
signiﬁcant wave height, Hs. In (a) the plan-form geometry classiﬁcations given are indicated as either 2D, q-2D, 3D or hummocky. In (b) the direction of wave propagation
(!) and the ARP transect line () is indicated.
R.B. O’Hara Murray et al. / Continental Shelf Research ] (]]]]) ]]]–]]] 5backscatter signal from 128 Hz to 4 Hz, and the standard error by
a factor of
ﬃﬃﬃﬃﬃﬃ
32
p
(Thorne and Hanes, 2002). This was deemed to be
an appropriate reduction in the error to distinguish individual
stochastic events, while still maintaining a high intra-wave sample
rate.
The 4 Hz, 25 min time series, backscatter proﬁles were
converted to instantaneous SSC proﬁles at 4 Hz using a semi-
analytical acoustic inversion, commonly referred to as an implicit
inversion (Thorne and Hanes, 2002). These acoustic inversions
were aided by measurements of the suspended sediment size
distributions obtained from pumped samples of the sediment-
laden water as described by O’Hara Murray et al. (2011), which
conﬁrmed the veracity of this inversion methodology. The bed
level directly below the ABS was tracked during each ABS time
series through an examination of the near bed backscattered
intensity received by each transceiver. There were small varia-
tions in the nominal bed level due to large entrainment events
under the more energetic waves and changes in the ripple heights
over time (Doucette and O’Donoghue, 2006).127
129
131
1332.4.1. Burst average suspended sediment concentration proﬁles
Fig. 4 shows ﬁve time-mean SSC proﬁles obtained from experi-
ments M02, M04, M06, M08 and M11 where Hs ranged from 0.43 to
1.63 m. As Hs was incremented the plan-form bed morphology
evolved from having (M02 &) 2D ripples of low steepness, (M04
J) steep-sided 2D ripples, (M06 þ) q-2D ripples, (M08 ) 3D ripples
to (M11  ) lunate mega-ripples or hummocks. For z40:05 m therePlease cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csis a clear increase in the magnitude of the SSC proﬁles with Hs. This
trend breaks down closer to the bed, zo0:05 m, with the SSC
remaining at approximately 2 kg m3 for Hs41 m. This change in
the relationship between Hs and SSC magnitude, close to the bed, is
most likely connected with the transition from 2D to 3D plan-form
bedform morphology at the higher wave forcing conditions of
Hs41 m.
The time-mean SSC proﬁles shown in Fig. 4 are exponential in
form close to the bed, and can be modelled by
CðzÞ ¼ C0 ez=L, ð7Þ
where C0 is the cycle-mean reference concentration at z¼0 and L
is the exponential decay length scale of the SSC proﬁle. Fitting
Eq. (7) to those proﬁles shown in Fig. 4 for 0:01ozo0:06 m gave
L¼0.03, 0.07, 0.06, 0.10 and 0.07 m for M02, M04, M06, M08 and
M11, respectively.2.4.2. Wave cycle averaging the suspended sediment concentration
proﬁles
The timing of each individual wave cycle within a measure-
ment burst was identiﬁed from the cross-shore ADV velocity time
series. The start of each wave cycle was deﬁned as the time of
ﬂow reversal from offshore ﬂow to onshore ﬂow. This was done
by applying a rectangular low pass ﬁlter, with a frequency cut-off
at 1 Hz, in order to remove high frequency turbulent ﬂuctuations,
and using a zero-crossing analysis to identify the times of
ﬂow reversal. These ﬁltered time series were compared with thegroups and sediment resuspension processes over evolving
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Fig. 5. A 5 min time series from M04 of (a) cross-shore velocity, u, (b) SSC at 2 Hz for 0ozo0:5 m from the 1 MHz ABS and (c) wave cycle-mean suspended sediment
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signiﬁcant changes in amplitude and phase during the analysis.
Having determined the timing of each individual wave cycle in a
25 min measurement burst, cycle-mean proﬁles of SSC were
obtained from the 4 Hz ABS time series of SSC.
Fig. 5 shows a 5 min time series from M04 of (a) cross-shore
velocity, (b) instantaneous SSC at 2 Hz up to 0.8 m above the bed
and (c) wave cycle-mean SSC at ﬁve heights above the bed. The
ﬁrst 10 wave cycles, identiﬁed by the zero-crossing analysis of the
velocity time series, are indicated by the vertical dashed lines in
Fig. 5. Table 1 shows that during M04, Hs¼0.64 m and the ripples
were 2D with average steepness of Z=l¼ 0:11. During the time
series shown in Fig. 5, the ABS was above a crest of a ripple with a
wavelength of 0.33 m, height of 0.047 m and steepness of 0.14
(O’Hara Murray et al., 2011). Fig. 5(b) shows a number of
individual peaks in the SSC. These relatively high levels of SSC
are individual suspension events, and are generally conﬁned to
the near bed region of zr0:10 m and have lifespans of the order
of seconds. This near bed region corresponds to dw which is
indicated by the white line in Fig. 5(b). O’Hara Murray et al.
(2011) showed that such suspension events occurred consistently
just after ﬂow reversal and attributed them to the ejection of
sediment-laden vortices over the ripple crest. This vortex shed-
ding process does not occur after every wave half-cycle in Fig. 5,
but typically when the orbital diameter is greater than the ripple
wavelength (Malarkey and Davies, 2002; O’Hara Murray et al.,
2011), and hence they are intermittent through the time series.
Whilst Fig. 5(c) does not resolve these intra-wave events, it shows
the upward propagation of sediment during wave groups. From
Fig. 5(c) it can be seen that at z¼0.7 m the SSC peaks approxi-
mately 2–3 wave cycles after the peak at zr0:10 m.0 2 4 6 8 10
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
τ
z 
(m
)
Fig. 6. The variation in the time lag of the maximum in cross-correlation between the S
regressions made on the data corresponding to 0ozo0:4 m () and 0:4ozo0:7 m (
Please cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.cs3. Results
3.1. The wave pumping effect
Fig. 5(b) shows intermittent sediment suspension events occur-
ring close to the bed, zr0:10 m, at a frequency of one or two times
the wave frequency, most likely associated with entrainment by
vortices within the WBL. The temporally averaged WBL thickness,
dw ¼ 0:080 m, is indicated in Fig. 5(b), but this would have varied
during the passage of a wave group with it being thicker under the
larger amplitude, and longer period, waves. In addition to the high
frequency events within the WBL there are three, lower frequency,
suspension events in Fig. 5(b), where sediment is entrained well
above the WBL, associated with the passage of wave groups. For
example, around 175 s in Fig. 5(a), the orbital velocities were small,
with velocity amplitudes of 0:07 m=s, but increased to velocity
amplitudes of 0:75 m=s by 200 s. Within the WBL, typically
zr0:10 m, the SSC responded quickly to this increase in velocity
amplitude, as can be seen in Fig. 5(b) and (c), and started to increase
at around 190 s. Above the WBL, typically z40:10 m, the SSC was
slower to respond and only started to increase around 200 s.
Fig. 5(c) shows that the peak in SSC within the WBL occurred at
2002210 s, whereas farther away from the bed, z40:20 m, the
SSC peaked at 2152225 s, 2–3 wave cycles later. This response of
the SSC to the passage of a wave group is due to the wave pumping
effect (Villard et al., 2000; Vincent and Hanes, 2002), previously
observed in the Deltaﬂume experiments by Williams and Bell
(2006). Using the results shown in Fig. 5(c), estimates of the vertical
ascent rate of the suspended sediments during the wave group
around 200 s were made. During this wave group the SSC peaked at
208.2, 213.6 and 219.1 s, at z¼ 0:02,0:40 and0.70 m, respectively.99
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rate of the suspended sediment were found to be 0.071, 0.063 and
0.054 m/s, between 0.02–0.40 m, 0.02–0.70 m and 0.40–0.70 m,
respectively. This indicates that the vertical ascent rate decreased
with height above the bed. Using the formula of Soulsby (1997) the
settling velocity of the median bed sediment grain size, D50 ¼
375 mm, was calculated to be ws50 ¼ 0:055 m=s. This analysis indi-
cates that, for zo0:40 m, the vertical ascent rate of the suspended
sediment was greater than ws50. For z40:40 m the ascent rate of
0.054 m/s is equivalent to the settling velocity of grains with a
diameter of 370 mm.
The 5 min time series shown in Fig. 5 is part of an approximate
10 min time series during which the ABS was above a ripple crest.
A wave group envelope for this 10 min time series was obtained
by zero meaning the velocity time series, taking the absolute
value and applying a rectangular low pass ﬁlter, with a frequency
cut-off at 0.05 Hz. A rectangular low pass ﬁlter, with the same
frequency cut-off, was also applied to the SSC time series. The
wave group envelope was re-sampled at the SSC time series
sample frequency, 4 Hz, and a cross-correlation was performed
between the velocity envelope and the low pass ﬁltered SSC time
series, at all heights above the bed. Fig. 6 shows how the time lag
between the SSC and velocity envelope at the maximum in cross-
correlation, t, varied with height above the bed. There is a clear
increase in t with height above the bed, and also a change in10−2
10−4
10−2
100
102
104
P
S
D
 (k
g2
 m
−6
 s
)
M01 − M06
99%
Hs (m)
0.34
0.43
0.53
0.64
0.85
1.05
10−2
100
101
102
103
104
P
S
D
 (k
g2
 m
−6
 s
)
M07 − M11
Frequ
99%
Hs (m)
1.29
1.50
1.63
1.70
1.63
Fig. 7. The power spectral density, PSD, of 4 Hz suspended sediment concentration, S
(a) shows SSC results from M01 to M06 when 2D or q-2D ripples populated the bed, an
The vertical dashed lines show the peak spectral wave and half-wave frequencies, 1=
(a) and (b).
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sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csgradient, dt=dz, at z0:4 m, t16 s. Fig. 6 also shows the results
from regressions made on the data for 0ozo0:4 m and
0:4ozo0:7 m, which had correlation coefﬁcients, R2, of 0.98
and 0.75, respectively. The gradient, dt=dz, can provide an
indication of the vertical ascent rate of the suspended sediment,
with dt=dz¼ 0 suggesting that the suspended sediment is not
ascending, but moving horizontally with the ﬂow. The change in
gradient at z0:4 m indicates a reduction in the vertical ascent
rate, and the lag at this height, t16 s, agrees well with the
observation that peak SSC in the free stream occurs 2–3 wave
cycles later than in the WBL. Hay and Bowen (1994b) observed a
similar cross-correlation in ﬁeld data during similar wave forcing
conditions.3.2. Time scales of sediment entrainment above an evolving bed
The power spectral density (PSD) of the 4 Hz ABS SSC was
calculated for each experiment, to further examine the frequencies
at which sediment entrainment occurred through the 25 min
bursts. The performance of the Fast Fourier Transformation was
maximised by zero padding the time series to a length equal to 213.
A Hamming window was applied over the length of the time series
(Emery and Thompson, 1997) and band averaging was performed
over 32 discrete frequency samples, giving each of the ﬁnal 12893
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The 99% conﬁdence interval was calculated using the chi-square
approach. Fig. 7 shows the PSD of the 4 Hz SSC 0.01 m above the
bed for experiments M01–M11. The grouping in Fig. 7 is in
accordance with the emergence of different plan-form bedform
geometries during the experimental sequence, and enables the
differences in the frequency distribution of sediment entrainment
above two distinct bedform types to be examined. During M01–
M06 the ripples had 2D or q-2D plan-form geometries and the
PSDs of the SSCs from these experiments are shown in Fig. 7(a).
Fig. 7(b) shows the results from M07 to M11 during which the bed
was dominated by 3D ripples or hummocks. The dashed vertical
lines indicate the frequencies of the peak spectral wave period,
1=Tp, and the half-wave period, 1=2Tp. For each experiment, there
is seen to be a broad spectral zone in the PSD between approxi-
mately 0.01 and 0.1 Hz, peaking about 0.02 Hz. This trend is
deemed to be associated with the wave groups that tended to
occur between 20 and 60 s.
For experiments M02–M05, the broad low frequency peak is
larger than the higher frequency ﬂuctuations by more than the
99% conﬁdence interval, indicating that it is a wave group
signature and that, therefore, wave groups play a signiﬁcant role
in the suspension of sediment.
At higher frequencies, there are a number of peaks in the PSDs,
some of which are greater than the 99% conﬁdence interval
shown. In Fig. 7(a), these statistically signiﬁcant peaks are around
twice the peak spectral wave frequency, and are consistent
through M01–M05. There is much less of a structure to the PSDs10−2
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sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csshown in Fig. 7(b). Those few statistically signiﬁcant high fre-
quency peaks tend to occur at the wave frequency.
There is a notable difference in structure of the spectra shown
in Fig. 7(a) and (b). When Hs was less than 1.0 m the bed was
dominated by 2D or q-2D ripples, and the intra-wave suspension
of sediment at half the wave frequency dominated the near bed
PSD of SSC. At stronger wave forcing, Hs41:0 m, this 2=Tp intra-
wave structure in the SSC no longer appears to be present, and in
some cases there is a 1=Tp intra-wave structure. This breaking
down of the 2=Tp intra-wave structure is likely to be for two
reasons: (i) the stronger wave forcing meant that much more
sediment was continually in suspension making the intra-wave
ﬂuctuations less discernible, and (ii) the larger bedform wave-
lengths made it more likely that only one suspension event per
wave cycle was detected by the ABS.3.3. Variations in SSC time scales with height above a rippled bed
Fig. 8 shows the PSD of the SSC at seven heights above the bed
between 0.01 and 0.50 m from M04 where Hs¼0.64 m and the
bed was dominated by steep-sided 2D ripples. As in Fig. 7, there is
a broad low frequency plateau deemed to be associated with
wave groups, and a number of smaller peaks at higher frequen-
cies. Close to the bed, zr0:10 m, there are statistically signiﬁcant
peaks at twice the peak spectral wave frequency, 1=2Tp, which are
most likely associated with the entrainment of sediment-laden
vortices within the WBL. At z¼0.01 m, this peak is quite clear,95
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within the WBL. At higher elevations, the magnitude of the high
frequency peaks relative to the low frequency plateau diminishes
somewhat, but is still statistically signiﬁcant up to z¼0.10 m. For
0:15rzr0:2 m there are statistically signiﬁcant peaks at the
peak spectral wave frequency. The sediment above the WBL was
likely to be a combination of sediment entrained locally and
advected from adjacent ripples. For z¼0.5 m there is a signiﬁcant
broad low frequency zone around 0:02 Hz, suggesting that only
during the passage of wave groups was sediment pumped to
these higher free stream elevations, as shown in Fig. 5.79
81
833.4. Instantaneous SSC above an evolving bed
Fig. 9 shows 3 min time series of 4 Hz SSC at 1 Hz up to 0.5 m
above the bed for ﬁve experiments with increasing wave forcing
and different bedform conditions. The experiments shown arez 
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Fig. 9. Time series of 4 Hz suspended sediment concentration (SSC) at 1 Hz up to 0.5 m
the signiﬁcant wave height, Hs, and bedform conditions differed. The height above the b
with the velocity, u, scale on the right. The temporally averaged wave boundary layer
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sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.cs(a) M02, (b) M04, (c) M06, (d) M08 and (e) M11 where Hs ranged
from 0.43 to 1.63 m and the bedforms were (a) 2D ripples of low
steepness, (b) steep-sided 2D ripples, (c) q-2D ripples, (d) 3D
ripples and (e) hummocks. The horizontal velocity time series
from the ADV, and dw, are also shown in Fig. 9. The timings of the
waves and wave groups were closely synchronised through these
ﬁve experiments. In terms of orbital velocities, the only major
difference between each experiment was the orbital velocity
amplitude of each wave, as the sequence of wave periods
remained consistent throughout the experiments. Fig. 9(a) shows
the results from M02 when Hs¼0.43 m and small 2D ripples of
low steepness were present on the bed. In this case there was
little sediment entrainment in the majority of wave cycles, with
only the orbital velocity amplitudes of the larger waves being
sufﬁcient to entrain sediment. There are two wave groups indu-
cing signiﬁcant wave pumping shown in Fig. 9(a), with the
maximum orbital velocities occurring at approximately 60 and
130 s. During each of these wave groups the near bed, zo0:1 m,85
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groups the wave pumping caused inversions of the SSC proﬁle
after the passage of each wave group, with the SSC being higher in
the free stream than the WBL at approximately 70 and 140 s.
During these SSC proﬁle inversions the SSC was greater than
0.1 kg m3 at z¼0.5 m and approximately 0.01 kg m3 at
z¼0.05 m. When Hs¼0.64 m and steep-sided ripples were pre-
sent on the bed, there was a similar underlying structure to the
SSC ﬁeld, as shown in Fig. 9(b), with sediment pumping starting at
approximately 60 and 130 s. There was also some sediment
pumping due to a shorter duration wave group starting at the
beginning of the time series shown. Compared with Fig. 9(a),
Fig. 9(b) shows increased intermittent sediment entrainment
outside the dominant wave groups associated with vortices
(O’Hara Murray et al., 2011). The results in Fig. 9(c) are from
M06 when Hs¼1.05 m and when steep-sided q-2D ripples domi-
nated the bed. Fig. 9(c) shows enhanced sediment entrainment
during the three dominant wave groups and sediment entrain-
ment at intra-wave frequencies, typically conﬁned to zo0:25 m,
occurring during most wave cycles. The repeated intra-wave
sediment entrainment occurred because the orbital diameter
was greater than the ripple wavelength for most wave cycles in
this experiment (O’Hara Murray et al., 2011). In Fig. 9(d), which
shows results from when Hs¼1.50 m and when 3D ripples
dominated the bed, the SSC at 0:3ozo0:5 m was greater than
0.1 kg m3 during most of the 3 min time series. The SSC at
z¼0.05 m was lower under the larger waves in Fig. 9(d), than in
Fig. 9(c) when Hs¼1.05 m. This reduction in the SSC within the1230 1240 1250
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Fig. 10. Wave cycle mean suspended sediment concentration, SSC, proﬁles from M05
from the ADV with each wave cycle numbered (1–10). The lower panels show the wave
proﬁle (dashed lines). The numbering of the lower panels corresponds to the numberi
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sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csWBL is related to the reduction in the steepness of the ripple faces.
The faces of the 3D ripples in M08 were less steep than the q-2D
ripples in M06 which encouraged ﬂow separation and enhanced
turbulence production within the WBL. Finally, Fig. 9(e) shows the
SSC ﬁeld when Hs¼1.63 m and hummocks with wavelengths of
0.75 m populated the bed. During the 180 s time series shown, the
SSC was generally lower when Hs¼1.63 m than when Hs¼1.50 m.
This was considered to be due to the transition from 3D ripples to
hummocks, possibly reducing turbulence production and coherent
vortex formation and shedding.3.5. Wave cycle-mean SSC proﬁles through a wave group
Fig. 10 shows the wave cycle mean SSC proﬁles through a wave
group during M05 where Hs¼0.85m and the bed was dominated by
q-2D ripples. The upper panel shows the horizontal velocity time
series with the wave cycles deﬁned to start at the zero-up crossings
(offshore–onshore ﬂow reversal). The lower panels show the corre-
sponding wave cycle-mean SSC proﬁle (solid lines), for each wave,
and the wave group mean proﬁle (dashed lines). The wave cycle-
mean SSC proﬁle changed shape during the passage of the wave
group, broadly in accordance with changes observed by Villard et al.
(2000). This was due to (i) enhanced intra-wave suspension during
the larger waves and (ii) wave pumping effects. During the ﬁrst two
waves, the SSC was lower than the wave group mean at all heights
above the bed. It is under the larger third and fourth waves that the
SSC close to the bed approached and exceeded the wave group mean95
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four largest waves and only began to fall below the wave group
mean concentration during the seventh, smaller, wave. In the free
stream there was a delayed response, with the SSC approaching the
wave group mean SSC during wave ﬁve. During the ﬁnal two cycles
in the wave group, the SSC was generally higher in the free stream
than the WBL. This SSC proﬁle inversion was due to the sediment,
pumped up during the passage of the wave group, remaining in
suspension while there was little intra-wave sediment entrainment
under the ﬁnal small waves. Under the four largest waves, waves
3–6, the decay of sediment concentration with height was approxi-
mately exponential up to 0:13 m, about 4.5 times the ripple
height. The height to which time average SSC proﬁles are exponential
is typically three to four times the ripple height (Van Rijn, 1993; Van
der Werf et al., 2006; Thorne et al., 2009). This region of exponential
decay is closely related to the upward propagation of vortices and
the wave boundary layer thickness. This thickness of this near bed
region is larger, at 4:5Z, during the largest waves in the group than
during the measurement burst on average, which was 3Z. The
thickness of these regions of exponential decay agree with the
estimates of the wave boundary layer thickness made in Section
2.3, listed in Table 1. Eq. (7) was ﬁtted to the wave cycle-mean SSC
proﬁles in this near bed region, and the rate of near bed exponential
decay was roughly constant during waves 3–6, with L¼ 0:0320:06 m.
These decay rates are similar to those of the time-mean proﬁles
above 2D and q-2D ripples shown in Fig. 4.
Fig. 10 shows cycle-mean proﬁles through a wave group above
steep-sided 2D ripples. The time-mean SSC proﬁles from M04 and
M06, shown in Fig. 4 by (J) and (þ), resemble the cycle-mean
proﬁles in Fig. 10(b) under the largest four waves, 3–6. This is not
only because of the common bedform conditions, but also
because during these waves there was substantial intra-wave
sediment entrainment that dominated the contribution to the
time average SSC proﬁles. The cycle-mean concentrations during
the smaller waves also contributed to the total time average SSC,
but mainly at elevations of z40:2 m, in the free stream, where
the SSC was maintained by wave pumping.105
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Fig. 11. Schematic diagram of four wave group types.4. Discussion
Time series of SSC have been examined up to 0.8 m above an
evolving medium-grained sandy bed. The order of bedform devel-
opment as the signiﬁcant wave height was incremented was 2D
ripples, q-2D ripples, 3D ripples and hummocks. Whilst the suspen-
sion of sediment occurred at a variety of different time scales, a
common feature across all the experiments was increased sediment
suspension during the passage of wave groups. This observation is in
accordance with the previous studies both in wave ﬂumes (Villard
et al., 2000; Vincent and Hanes, 2002; Williams and Bell, 2006) and
in the ﬁeld (Hanes, 1991; Osborne and Greenwood, 1993; Hay and
Bowen, 1994a, 1994b). The existence of high SSC at low wave group
frequencies is broadly shown by examining the SSC in the frequency
domain, but is much more evident in the time domain. Whilst wave
groups appear to be important, especially at higher elevations,
processes acting at higher, intra-wave, frequencies play a funda-
mentally important role in the initial resuspension of sediment
within the WBL. This too can be seen in the time domain, but can
clearly be shown by examining the time series of SSC in the
frequency domain, as shown by Figs. 7 and 8.
4.1. Near bed intra-wave sediment suspension processes over an
evolving bed
The largest orbital velocities occurred during the passage of
wave groups, and it is these high near bed velocities that arePlease cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csmainly associated with intra-wave sediment entrainment. For
example, vortex entrainment occurs above steep ripples when the
orbital diameter is between one and four times the ripple
wavelength (Malarkey and Davies, 2002; O’Hara Murray et al.,
2011). These higher than average orbital velocities during wave
groups caused, therefore, the peaks in the PSD of near bed SSC at
wave group frequencies. There were, however, also peaks in the
PSD of near bed SSC at higher, intra-wave, frequencies. There is a
striking difference in the frequency of these intermittent intra-
wave suspensions above (i) the 2D ripples and (ii) the 3D ripples
and hummocks. Above the 2D ripples, the intra-wave suspension
process occurred twice in the wave cycle and is associated with
the advection of sediment-laden vortices over ripple crests around
ﬂow reversal (Nakato et al., 1977; Sleath and Wallbridge, 2002;
Davies and Thorne, 2005; Van der Werf et al., 2007). Such intra-
wave suspensions depend heavily on the orbital velocity and are
intermittent under irregular waves (O’Hara Murray et al., 2011).
Thus, the peaks at intra-wave frequencies in Fig. 7(a) have lower
magnitudes than the broad peaks at wave group frequencies.
Above the 3D ripples and hummocks, the entrainment of
sediment at intra-wave frequencies was not as discernible as it
was over the 2D, and q-2D, ripples. This is most likely due to high
SSC levels being maintained throughout most wave cycles. These
high SSC levels were likely to be maintained through the wave
cycle by the strong orbital velocities, but also by the local
advection of vortices at ﬂow reversal and the transport of sand
from other points on the mega-ripple proﬁle. Hay and Bowen
(1994a) observed similar merging of suspended sediment struc-
tures in ﬁeld data and Vincent et al. (1999) observed similar
sediment entrainment patterns above mega-ripples.4.2. The importance of considering wave group character
The entrainment of sediment high into the free stream under
wave groups has implications in terms of the horizontal advection
of sediment by waves and currents. This is because sediment
entrained in the free stream is more susceptible to horizontal
transport, due to wave asymmetry or currents, for example, than
the sediments within the bottom boundary layer. A considerationgroups and sediment resuspension processes over evolving
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sediment transport models and the experimental design of ﬁeld
data collection. Four broad types of wave groups are depicted in
Fig. 11: (i) waxing (increasing velocity amplitudes), (ii) waning
(decreasing velocity amplitudes), (iii) waxing then waning (increas-
ing then decreasing velocity amplitudes) and (iv) constant (short-
term regular above average velocity amplitudes). Another important
variable in the character of wave groups is the number of waves in a
group. The type of wave group, and the number of waves in a group,
could have a signiﬁcant impact on the height and concentration of
suspended sediment. One simple hypothesis is that a waxing wave
group would pump more sediment higher above the bed than a
waning wave group with the same number of waves. Another
hypothesis considering two waxing wave groups with different
numbers of waves is that more sediment would be pumped higher
under the group with more waves.
To start to test these hypotheses of wave group character,
wave groups that conform to the four types, outlined in Fig. 12,
were identiﬁed in the ADV velocity time series. Fig. 12 shows the
4 Hz SSC time series during these four wave groups from M05
where Hs¼0.85 m and the bed was populated by q-2D vortex
shedding ripples. The wave groups identiﬁed all occurred during az 
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Fig. 12. Examples of suspended sediment concentration, SSC, time series under wav
(a) waxing, (b) waning, (c) waxing then waning and (d) constant. The height above the
white with the velocity, u, scale on the right. The temporally averaged wave boundary
Please cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.cs5 min period of time, while the ABS was above the mid-point
between the crest and trough of a ripple. There are a number of
factors that make this comparison difﬁcult including (i) the
difference in wave characteristics, including velocity amplitudes,
across each type of group and (ii) the difference in length of each
group. The wave groups were chosen in order to minimise such
complications. For example, in Fig. 12(a)–(c) the length of the
time series shown is 34 s. The group of approximately constant
wave heights shown in Fig. 12(d) is, however, 63 s in duration.
Despite these differences there are some general observations
that can be made. The highest, and most prolonged, concentration
of suspended sediment above z0:2 m occurred at the end of the
waxing wave group shown in Fig. 12(a) between 117 and 123 s.
During this time the orbital velocity was relatively small, and yet
the SSC is greater than 0.3 kg m3 (log10 SSC40:5) throughout
all of the 0.5 m vertical region shown. This is most likely to be the
settling out of sediment pumped up during the wave group. There
is also, however, a suggestion of high concentrations of sediment
being picked up, at 117 s, despite a fall in velocity at the same
time. Similar upward ‘bursts’ of sediment, occurring when a wave
group is terminated by a sudden reduction in the orbital velocity
amplitude, were observed by Villard et al. (2000) and Vincent and89
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e groups that broadly conform to four different types illustrated in Figure 11:
bed, z, is indicated on the left and the horizontal velocity time series are shown in
layer thickness, dw ¼ 0:102 m, is shown by the white horizontal line in each case.
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groups shown in Fig. 12(b) and (c), either settling out or being
entrained through upward ‘bursts’. This is because these wave
groups were not as effective at pumping sediment to high
elevations, as the waxing wave group, but also because they were
not terminated by a sudden reduction in the velocity amplitude.
Fig. 12(d) shows evidence for two vertical advection events.
The ﬁrst is under the ﬁfth oscillation, 340 s, which is marginally
smaller in amplitude than the other oscillations, and the second is at
the end of the group under the smaller velocity amplitudes. The ﬁrst
vertical ‘burst’, at 340 s, was relatively short lived and is likely to
be associated with the high SSC entrained during the previous cycle.
During the second ‘burst’, at the end of the wave group in Fig. 12(d),
there was a time lag of two cycles between entrainment at the bed
and relatively high SSC at z0:4 m, typical of the wave pumping
effect. This pumping of sediment continuing at the end of the group
is similar to the upward ‘bursts’ of sediment observed Villard et al.
(2000) and Vincent and Hanes (2002) following sudden reductions
in the orbital velocity, but could also be due to the ﬁner grains still
being supported and there still being adequate vertical turbulence to
maintain pumping.
4.3. Regular and irregular waves
Irregular wave sequences are often parameterised by single
equivalent regular waves. For example, in this paper the signiﬁ-
cant wave heights and peak spectral wave periods were pre-
sented, along with the Shields parameters based on the signiﬁcant
wave orbital velocities. This work suggests that sediment suspen-
sions are strongly dependent on the character of the irregular
waves, and not necessarily just on the bedforms present and the
signiﬁcant wave forcing conditions during the measurement
burst. The examination of the wave cycle-mean SSC proﬁles
through a wave group in Section 3.5 showed that the SSC proﬁles
that most resembled the burst average proﬁles presented in
Section 2.4.1 were those under the highest waves in the group.
These suspensions, where the wave boundary layer thickness, and
vertical extent of mixing, were at a maximum, therefore domi-
nated the near bed time-mean concentration proﬁles. This lends
some support to the concept of using signiﬁcant wave heights, or
orbital velocities, as parameters describing irregular waves in
sediment transport formulations. However, Vincent et al. (2001)
reported on the SISTEX99 experiment conducted in a large wave
ﬂume with both regular and irregular waves, and found that
suspensions were generally higher under regular waves than under
irregular waves with a similar signiﬁcant wave height. One explana-
tion for this is that wave pumping occurs under wave groups and
regular waves are essentially a continuous group of waves with
constant amplitude and phase, most like type (iv) identiﬁed in
Section 4.2. Thus, continuous wave pumping occurs under regular
waves. Vincent and Hanes (2002) also reported on the SISTEX99
experiment and observed the SSC in the free stream reaching a state
of equilibrium where the continuous generation and vertical advec-
tion of turbulence was enough to continually maintain a high SSC.
This phenomenon was also noted by O’Hara Murray (2011) in a
comparison of sediment suspensions under regular and irregular
waves. Under the irregular waves, the wave pumping effect is
intermittent and only occurs under wave groups with orbital
velocities large enough for substantial entrainment.
It is not just the hydrodynamics that need to be considered when
comparing regular and irregular waves. Under regular waves, the
bedforms are in constant equilibrium with the ﬂow, making the
inﬂuence from the bed over the SSC constant, along with the wave
forcing. Under irregular waves, the bed takes longer to reach
equilibrium (Marsh et al., 1999), but is also likely to be much more
dynamic, with ripple crests being eroded under the larger waves, forPlease cite this article as: O’Hara Murray, R.B., et al., Wave
sandy bedforms. Continental Shelf Research (2012), doi:10.1016/j.csexample. Vincent et al. (1991) and Vincent and Hanes (2002) noted
how the possible variation in ripple geometry through a wave group
might contribute to the intra-wave suspension of sediment. Thus,
future comparisons should consider time series of parameters, such
as the Shields parameter, taking into account both the ﬂow and bed
conditions, at a wave or intra-wave time scale.5. Conclusions
This work examines sediment suspensions within the bottom
0.8 m over a range of bedforms and irregular wave forcing condi-
tions. High resolution ABS was used in order to resolve intra-wave
processes close to the bed, but also monitor SSC levels in the free
stream. In both the WBL and the free stream, the SSC responded to
ﬂuctuation in orbital velocity at wave group frequencies. The higher
velocities during wave groups generated increased levels of turbu-
lence, enhancing vortex formation and shedding. It is, therefore,
intra-wave sediment suspension processes that are important in the
initial entrainment of sediment within the WBL, especially when
coherent vortices are generated, as is the case above steep ripples. In
the free stream, the dominant control over the SSC was wave groups
and the wave pumping effect. Time lags of 2–3 wave cycles were
observed between initial sediment entrainment at the bed and peak
SSC at z40:5 m above the bed.
The high SSC in the WBL due to intra-wave entrainment is
arguably the most important process to consider when calculat-
ing net suspended sediment transport (Van der Werf et al., 2006).
However, it is also important to consider the entrainment of
sediment to higher free stream elevations under wave groups. The
wave pumping effect enables sediment to be entrained to higher
elevations than by intra-wave processes alone. Once at these high
elevations the suspended sediments can remain in suspension for
a number of wave periods, depending on its settling velocity and
the turbulence generation. This substantially increased suspen-
sion time could lead to increased cross-shore or long-shore
transport, especially in the presence of currents. It is also thought
that the wave pumping effect is a mechanism by which sediment
can be entrained to elevations unobtainable under individual
waves of similar characteristics.
Wave groups are characteristic of irregular wave forcing, which is
typical in the ﬁeld. The simultaneous measurements of water
velocity, bedforms and SSC presented here were made in a large
scale ﬂume facility, offering some reduction in the complexity of the
natural world. However, much more reﬁned experiments are
recommended to further examine the importance of irregular waves,
and wave group character, on the SSC. Speciﬁcally, experiments with
a strong control over the character of wave groups are recommended
in order to ensure that when comparing groups with different
characters, the group length and highest wave in the group are, for
example, the same. It would also be beneﬁcial to compare the
velocity and SSC frequency spectra resulting from a highly ordered,
and repeated, irregular wave spectrum. Such a wave spectrummight
have a clear narrow peak around the signiﬁcant wave height, but also
a very clear peak corresponding to wave groups. This would greatly
aid the identiﬁcation of peaks in the SSC spectrum at these two
distinct frequencies. Finally, there is scope for experiments compar-
ing regular with irregular wave forcing to be designed. The outcome
of such detailed studies is important to inform numerical modelling,
and to reﬁne the design of ﬁeld experiments.Acknowledgments
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